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The crystal structure of three different samples of melt-grown /3-rhombohedral boron has been reinves- 
tigated. There are 20 different symmetry-equivalent atomic positions in the unit cell, four of which 
have not been previously reported. Six of the 20 are partially occupied. The hexagonal unit cell 
contains a total of 320.1 boron atoms as determined from the electron density. This gives an X-ray- 
predicted crystal density of 2.333(S) g/cm3 compared to a pycnometric value of 2.333(2) g/cm). There 
are local density variations with the large unit ceil associated with the partially occupied sites. o 1988 
Academic Press, Inc. 

I. Introduction 

The structure of the high-temperature 
modification of boron that is in equilibrium 
with the melt at atmospheric pressure is the 
p-rhombohedral form. Its atomic structure 
was first worked out by Hughes et al. (1). A 
full report of this work was given by Hoard 
et al. (2). Two further refinements were 
published by Geist et al. (3) and Callmer 
(4). One of the serious problems with all of 
these refinements was stated by Hoard et 
al. (2) in 1970: The X-ray studies found 315 
boron atoms per hexagonal cell while the 
observed density corresponded to 324 at- 
oms per unit cell. The difference was unex- 
plained in any of these studies except for 
the suggestion by Hoard et al. that disorder 
and partial occupancy of the boron sites 
may play a role. Callmer (4) stated that in 
his sample, in which he found 16 occupied 

* This study was supported in part by the U.S. 
Department of Energy on Contract DE-ACOl- 
81NE32084. 

sites, any unreported boron sites were less 
than 7% occupied. 

II. Experimental 

Sample Preparation and Purity 

Three different single-crystal samples 
were studied by X-ray techniques; all were 
grown from the melt. Two of them were 
grown in this laboratory from high purity 
boron powder melted in a CVD boron ni- 
tride crucible in an argon atmosphere. The 
boron powder was zone-refined first by Ea- 
gle Picher Laboratories (Miami, OK). One 
of these samples, MG57, was cooled rap- 
idly from the melting temperature at a cool- 
ing rate of about 350Wmin. The second, 
MG179, was slowly cooled from the melt at 
a rate of about 2.2Wmin. These were 
grown in 1982 and 1985, respectively, and 
have been at room temperature since then. 
These samples were about 0.04 cm in their 
largest dimension when measured. The 
third sample was grown by Eagle Picher 
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TABLE I 

ELECTRICAL CONDUCTIVITY, V, AT ROOM 
TEMPERATURE AND ESTIMATEDCARBONCONTENT 

OFP-BORON CRYSTALS 

Carbon atoms 
Carbon per hexagonal 

Sample (mh:cm) (atom %) unit cell 

MG57 8.3 x 1O-7 6 x lO-2 0.2 
MG179 3.8 x lo-’ 3 x IO-2 0.1 
EP 1.4 x 10-7 1 x IO-2 0.03 

Research Laboratories in 1974 using an 
electron-beam-heated floating-zone pro- 
cess. We studied a small cube 0.03 cm on 
an edge cut from a 2.4-cm-long, 0.6-cm-di- 
ameter single-crystal rod. This crystal had 
also been residing at room temperature 
since it was grown. All of the crystals were 
shiny grey in color corresponding to a semi- 
conductor with an intrinsic band gap of I .6 
eV. 

In all cases, the purity of the starting bo- 
ron material was at least four-nines pure; 
the dominant impurity was residual carbon. 
For the two samples grown in BN there was 
some residual nitrogen in the range 30 to 
200 atomic ppm. In order to check for the 
residual carbon in the grown crystal boules, 
we measured the room-temperature electri- 
cal conductivity. The results are shown in 
Table I. Using the electrical conductivity 
we can refer to Fig. 1 in order to estimate 
the carbon content. The results are given in 
Table I. 

Figure 1 was constructed from the pub- 
lished data of Cueilleron et al. (5) (open 
circles) and polycrystalline carbon-doped 
samples grown in the present series of ex- 
periments (filled circles). The present car- 
bon-doped samples had a grain size of 
about 0.1 cm, whereas those of Cueilleron 
et al. had a grain size of about 0.01 cm. In 
our series of electrical conductivity experi- 
ments we have found that Al, Ca, Mg, Si, 
and 0 impurities have a much smaller effect 

on the electrical conductivity, (T, than do C 
or Fe. Thus we have neglected the effects 
of these in Cueilleron’s samples. We have 
found that Fe impurities do have an effect 
of (T comparable to carbon, but the Fe con- 
tent in their samples was generally small 
enough to be ignored. Thus to the accuracy 
needed in Fig. 1 the carbon content in 
Cueilleron’s samples determines u. The 
horizontal line at the bottom of Fig. 1 is the 
CT of undoped, intrinsic p-boron. A carbon 
content of 120 ppm is needed to reach this, 
a value well below that found in any of the 
present samples. 

The electrical o data show that the car- 
bon content of the present samples is low, 
ranging from 100 to 600 atomic ppm. Analy- 
ses supplied by Eagle Picher Laboratories 
state that the crystals grown by the electron 
beam floating-zone process had typical im- 
purity contents of: 

I I 1 
3 10-Z 10-l 1 

ATOM PERCENT CARBON 

FIG. I. The room-temperature electrical conductiv- 
ity of polycrystalline P-boron as a function of carbon 
content. The open circles are from Ref. (5); the filled 
circles are the present data. 
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Oxygen 6 atom ppm 
Carbon 150 atom ppm. 

The zone-refined powder from which sam- 
ples MG57 and MG179 were grown had 
aproximate impurity contents of: 

Silicon 2 atom ppm 
Magnesium 5 atom ppm 
Carbon 17.50 atom ppm. 

From Table I we see that our melt-grown 
samples were somewhat lower in carbon 
than the starting material. In any case the 
dominant impurity is carbon, but there is no 
more than 0.2 carbon atom in the hexagonal 
unit cell of p-boron which contains -320 
boron atoms. This amount of carbon is not 
sufficient to influence our crystal structure 
results. 

Pycnometric Density 

The pycnometric density of several dif- 
ferent samples of boron was measured by 
making a liquid mixture in which the crys- 
tals neither floated nor sank. The density of 
this liquid was measured by weighing a 
known volume in a previously calibrated 
glass pycnometer bottle. For most samples 
a mixture of 1,2-dibromethane and 1,1,2,2- 
tetrabromoethane held at 23°C was used. 
For the isotopically enriched l”B samples a 
lower density mixture of 1,2-dibromo- 
ethane and bromotrichloromethane was 
employed. The estimated accuracy of this 
method is about +O.OOl g/cm3. A similar 
density-measuring technique was employed 
by Slack et al. (6). 

X-Ray Structure Refinement 

The X-ray structure was determined at 
room temperature (295 K) using an auto- 
mated Nicolet P3F four-circle diffractome- 
ter (Nicolet Instrument Corp., Fremont, 
CA) with monochromatized MoZ& radia- 
tion (A = 0.71069 A). Data were collected 
for the -+h, +-k, +l, with the restriction h + 
k + 1 = 3n for the rhombohedral centering 

of the cell. No absorption corrections were 
necessary. 

Data reduction and structure refinement 
were performed using the SHELXTL’ 
package of programs. Atomic coordinates 
of the known boron sites obtained from 
Callmer (4) were used as a starting point for 
the refinement with the additional boron 
sites being identified upon examination of a 
difference map. All partial occupancies 
were allowed to refine. In the final stages of 
refinement, a weighting function 

w-’ = CT*(F) + gF2 (1) 

was employed, where g was allowed to re- 
fine. The function minimized in the least- 
squares refinement was: 

G(F) = 2 w(l&t - (&I)*. (2) 

The resulting R and weighted R values 
along with additional experimental details 
can be found in Table II. 

A comparison of the observed and calcu- 
lated structure factors for the 1775 unique 
observed reflections in sample EP is given 
in Appendix I.2 The results for the other 
two samples were similar. 

The atomic coordinates are given in Ta- 
ble III where the entries are x, y, z defined 
as: 

x = 104(x,la,), y = 104(y,/a,), 
z = 104(zo/c,). 

Here a, and co are the lattice parameters of 
the hexagonal unit cell and x0, y,,, z0 are the 
position coordinates of a particular boron 
atom in the cell. Table III also gives the 
actual or equivalent isotropic thermal pa- 

I G. Sheldrick, 1983, University of Gettingen, FRG, 
distributed through Nicolet Instrument Corp. 

* See NAPS Document No. 04603 for 5 pages of 
suppfementary materials from ASISlNAPS, Micro- 
fiche Publications, P.O. Box 3513, Grand Central Sta- 
tion, New York, 10163. Remit in advance $4.00 for 
microfiche copy or for photocopy, $7.75 up to 20 pages 
plus $.30 for each additional page. All orders must be 
prepaid. 
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TABLE II 

STRUCTURE DETERMINATION DETAILS FOR P-BORON SAMPLES 

Sample 

MG57 EP MG179 

Scan range (20) 
Scan technique 
Number of reflections measured 
Number of unique reflections 
Number of unique observed reflections 
Cutoff criterion for observed reflections 
Number of parameters refined 
R 
R (weighted) 
Refined g x lo5 
Maximum residual (% boron) 
Crystal cooling rate 

4-55” 4-80 4-80” 
o/20 8128 e/20 

3961 7507 6516 
735 1913 1894 
674 1775 1765 

F > 40(F) F > 3u(F) F > 3a(F) 
63 127 128 
4.4 4.1 3.7 
4.9 4.8 5.5 

15 25 55 
3.2 2.1 3.9 

F ? S 

rameters, U, and the percentage occupan- 
cies, P, for sample EP. The atoms Bl 
through B 16 in sample EP were refined with 
the anisotropic thermal parameters given in 
Appendix II.2 The average trace of the Uij 

TABLE III 

COORDINATES OF BORON ATOMS IN THE 
HEXAGONAL UNIT CELL, SAMPLE EP 

P 
Percentage 

Atom Site x Y z u occupancy 

Bl 36i 1730(l) 1741(l) 1767(l) 6(l)* 100 
B2 36i 3191(l) 2957(l) 1294(l) 6(l)* 100 
B2 36i 2614(l) 2175(l) 4197(l) 6(l)* 100 
B4 36i 2349(l) 2516(l) 3469(l) 6(l)* 100 
85 18h 545(l) 2x 94370) 5(l)* 100 
B6 18h 865(l) 2x 132(l) 5(l)* 100 
B7 18h 1098(l) 2x 8wxl) 5(l)* 100 
B8 18h 1705(l) 2x 28WU 5(l)* 100 
B9 18h 1287(l) 2x 7666(l) 5(l)* loo 
BlO 18h 1020(l) 2x 6985(l) 5(l)’ 100 
Bll 18h 564(l) 2x 3266(l) 5(l)* loo 
812 18h 897(l) 2x 3990(l) 5(l)’ 100 
B13 18h 579(l) 2x 5538(l) 11(l)* 74.5(6) 
814 6c 0 0 3855(l) 5(l)’ 100 
B15 3b 0 0 seal 14(l)* loo 
816 18h 54X2) 2x 1176(l) 9(l)* 27.2(7) 
B17 18h 833(14) 2x 47Wll) 43(S) 8.5(9) 
818 18h 144w7) 2x 5239(5) W) 6.66) 
B19 18h 1805(7) 2x 534?(S) W) 6.8(6) 
B20 36i 2067(21) 2280(22) 71 l(8) 1 l(4) 3.7(4) 

Note. Asterisk indicates anisotropic when refined; no asterisk means 
an isotropic U was employed. 

matrix appears in Table III. The atoms B 17 
through B20 were refined with an isotropic 
U value. The errors listed for X, y, z, U, P, 
and the interatomic distances are one stan- 
dard deviation. 

No corrections were made for absorption 
or extinction. The linear absorption coeffi- 
cient of boron for MoKa! radiation is p = 
0.9 cm-‘. Thus the small crystal size and 
the low atomic mass make these correc- 
tions unnecessary. 

III. X-Ray Results 

For sample EP the boron positions are 
given in Table III. For samples MG57 and 
MG179 the fully occupied boron sites were 
identical; the results for the partially occu- 
pied sites were not, and these are listed in 
Tables IV and V. The partially occupied 
site occupation depends somewhat on the 
preparation conditions and the cooling rate 
from the melting temperature. Note that the 
numbering scheme for the boron atoms is 
the same as that used by Hoard et al. (2) 
and Callmer (4). The main features of the 
structure are the same as those found by 
these previous authors. However, there is a 
slight difference in the positions of BS and 
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TABLE IV Bonding of Partially Occupied Sites 
COORDINATES OF PARTIALLY OCCUPIED BORON 

ATOMS IN THE HEXAGONAL UNIT CELL 
The partially occupied boron sites in the 

structure are listed in Tables IV and V. 
These are illustrated in Fig. 2 where it can 
be seen that these partially occupied sites 
all occur close to a line joining the fully 
occupied B15 site with the At vacant posi- 
tion. Except for position B20 they all lie in 
the same (1210) plane. 

St3lllple Atom x Y z U” 

MG57 813 583(2) 
B16 5X(6) 
Bl7d 495(61) 
B18 1421(31) 
B19 1780(17) 
B20 Vacant 

MG179 B13 
B16 
817 
B18 
B19 
B20 

580(l) 
551(Z) 
841(8) 

1458(7) 
1801(5) 
2010(50) 

2.x 
2K 

1660(71) 
2x 
2x 

2.x 
2x 
2.x 
2.x 

225;50) 

5536(2) 11(l) 
1169(4) 5(3) 
4789(26) 4(16) 
5202(23) 8W1 
5329(12) WI) 

5538(l) IO(l) 
1176(l) W) 
4743(5) WO) 
5240(4) 1x4) 
5349(4) X2) 
700(20) b 

a Isotropic U values were employed. 
b The B20 position for MG179 was not refined, the errors 

arc estimates. The B20 atom position is close to Jd in Table 
VIII. 

B16, which lies outside the experimental 
uncertainty. The main difference lies in the 
appearance of atoms B17, B18, B19, and 
B20. Table VI gives their distances from 
other boron atoms in the structure. These 
sites are all partially occupied, with per- 
centage occupancies between 3.2 and 9.7%, 
as given in Table V. Other possible boron 
sites have occupancies which are less than 
3% of a boron atom. 

TABLE V 

PERCENTAGE OCCUPANCIES, P, OF PARTIALLY 

OCCUPIED BORON SITES AND X-RAY VALUES OF NB 

Site 

Measured P Calculated P 

MGS7 EP MG119 MGSl EP MG179 

813 
B16 
817 
B17d 
B18 
L-319 
820 

21 

h’s(x) 

77.7(M) 74.5(6) 
25.8113) 27.2(7) 

- 8.5(Q) 
3.2(S) - 
5.8(15) 6.W 
7.2(14) 6.8(5) 
0 3.7(4) 

97.1(72) %.4(27) 

319.1(15) 320.6(7) 

73.0(5) 
28.40) 

9.7(7) 
- 

7.4(6) 

7.0(5) 
2.5C25) 

97.1(28) 

319.6(6) 

77.7” 74.5” 
? ? 

0.00 8.83 
2.82 - 
5.63 8.83 

11.03 7.83 
5.52 3.92 

low low 

- - 

73.0‘3 
? 

10.33 

10.33 
6.33 
3.17 

lcw 

If we consider the P-boron structure to be 
made up of B12 and B28 clusters of atoms 
and one B 15 atom which constitutes the ba- 
sic framework, then B13 is a partially va- 
cant framework site, while B16, B17, B19, 
and B20 are partially occupied interstitial 
sites. An analysis of Fig. 2 suggests that the 
framework region adjacent to the Al, AZ, 

TABLE VI 

BOND LENGTHS IN A FOR BORON ATOMS B16, B17, 
B18, B19, AND B20 

Bond EP MG57 MG179 

B16-2Bl 1.801(6) 
-2BS 1.787(6) 
-2B7 1.802(6) 
-2B16 1.791(7) 
- B19 1.891(15) 
- B20 1.875(19) 

Bl7- B12 1.837(26) 
- B13D 1.570(15) 
- Bl3E 1.570(15) 
- Bl3A 1.913(26) 
- B15 1.678(10) 
- B18 1.618(30) 

Bl8-2B3 1.664(16) 
-1Bl3 1.778(15) 

Bl9-2Bl 1.890(12) 
-2B2 1.875(6) 
-2B3 1.723(18) 
- B20 1.915(22) 

B20- B2 1.752(19) 
- B3 1.718(21) 
- B5 1.684(6) 
- B6 1.789(20) 
- B7 1.707(16) 
- B8 1.797(18) 

1.809(13) 
1.778(13) 
1.805(9) 
1.808(15) 
1.938(33) 

- 
1.939(62) 
1.840(85) 
I .409(53) 
1.873(65) 
1.690(75) 
1.977(77) 
1.727(47) 
1.773(58) 
1.897(28) 
1.878(10) 
1.722(26) 

None 

1.797(6) 
1.791(6) 
1.800(5) 
1.805(7) 
1.888(12) 
1.84(7)” 
1.792(13) 
1.562(12) 
1.562(12) 
1.956(13) 
1.706(7) 
1.663(19) 
1.666(10) 
1.807(14) 
1.897(10) 
1.874(6) 
1.713(9) 
Present” 
Present0 

a Assumed value for the calculation n Not refined. 
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FIG. 2. The relative positions of the partially occupied boron sites (13, 16, 17, 18, 19,20) with respect 
to the framework sites (I, 5, 15) in P-boron. The open squares are the centers of the vacant regions in 
the crystal designated as A,, A?, E. 

and E vacancies attracts interstitial boron 
atoms, while the region around B13 and 
B 15 donates boron atoms to create partially 
vacant B13 sites. Thus Fig. 2 represents the 
region of the crystal in which the frame- 
work readjusts the local atomic density. 

In Fig. 3 we show the local environment 
of the B17 and B18 sites with more detail 

FIG. 3. The local environment of a B17 plus B18 pair 
in p-boron. The sites B13D and B13E are vacant be- 
cause of their proximity to an occupied B17 site. B19 is 
also shown as vacant. 

than in Fig. 2. The B17 and B18 atoms have 
almost (to within 25%) the same fractional 
occupancies; thus it is suggested here that 
they almost always occur in pairs. Such a 
linked pair is shown in Fig. 3 where B12, 
B13A, B15, B17, and B18 lie in the same 
(1210) plane all close to B15. Note that B15 
is at the center (0, 0,1) of the hexagonal unit 
cell. With the arrangement in Fig. 3 both 
B17 and B18 are bonded to each other and 
then to only three other boron atoms. It can 
be seen that the center of B17 is only 1.572 
A away from boron positions B13E and 
B13D. Such a distance is too short for a 
boron-boron bond. Thus we believe that 
B17 is only occupied when both B13E and 
B13D are vacant. 

Furthermore, we suggest that when 
B13E and B13D are both occupied, the 
neighboring B17 position must be vacant. 
In such a case a boron atom in the B18 
position is in an unstable configuration, 
with only three possible bonds. Further- 
more, if B13A is vacant then only two 
bonds are possible. In order to increase its 
bonding, the B18 atom then moves to the 
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13E 

130 

FIG. 4. The six B13 sites surrounding a B15 site at 
the center of the unit cell of p-boron. 

B19 position where it is now bonded to the 
fully occupied 2Bl + 2B2 + 2B3 atoms at 
distances of 1.72 to 1.89 A. This means that 
neighboring positions B18 and B19, which 
are 0.72 A apart, are never simultaneously 
occupied. 

IV. Model Computations of Partial 
Occupanies 

From Table V we see that B13 is only 
74.5% occupied in sample EP. The B13 po- 
sitions are situated on a triangular antiprism 
around atom B 15 as shown in Fig. 4. Let us 
suppose that either one or two of these six 
B13 atoms are missing around various B15 
sites. The average number of B13 neighbors 
of a B15 is 4.47 atoms. Thus 53% of the 
time there will be four neighbors and 47% of 
the time there will be five neighbors. Fur- 
thermore, let us suppose that when there 
are only five neighbors B13A is vacant and 
B 19 atom, as in Fig. 3, is present. The prob- 
ability that only one B 13 site is vacant times 
the probability that this vacant site is adja- 
cent to a B19 site is: 

z = (0.470) x (0.1667) = 0.0783. (3) 

Thus 7.83% is the estimated percentage oc- 
cupancy of B19. 

In the case where two B13 sites are va- 
cant, let us suppose they always occur as 
pairs either in the A-B-C ring in Fig. 4 or 
in the D-E-F ring, but not as one vacancy 
in each ring simultaneously. Then the prob- 
ability of having a divacancy times the 
probability of it being adjacent to a B17- 
B18 pair is: 

P(17) P(18) -=- 
100 100 

= (0.530) x (0.1667) = 0.0883. (4) 

By this method we obtain the calculated 
percentage occupancies for samples EP and 
MG179 in Table V. For MG179 we calcu- 
late a larger P(17) = 0.1033 because P(13) is 
less than for sample EP. Note that they are 
close to the observed values. 

This model suggests that one B19 is al- 
ways occupied whenever only one B13 is 
vacant, and a B17-B18 pair is always occu- 
pied whenever two B13 positions are va- 
cant. If this is true, then the sum, Cl, of the 
percentage occupancies, Pi, should be 
100%. From Table V note that: 

& = P(13) + P(17) + P(18) + P(19) 

= 96.4(27)% for EP. (5) 

The result is 100% to within the uncertainty 
of the measurement. It is almost as if the 
boron atoms that should have been in the 
B13 site in the framework have been dis- 
placed but not lost to the structure. 

For the calculated occupancies in sample 
MG57 we have used a slightly different ap- 
proach. For P(19) we use Eq. (3) to obtain: 

g = (0.6620) x (0.1667) = 0.1103. 

Then we calculated P(17d) and P(18) by as- 
suming that: 

C, = P(13) + 2P(17d) 
+ P(18) + P(19) = 100% (6) 
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FIG. 5. The truncated tetrahedron which forms the 
walls of the vacant A2 site in p-boron. The vertices 1, 
2, 3, etc., are fully occupied by boron atoms. The par- 
tially occupied boron sites B16, B19, and B20 are lo- 
cated very near to the centers of the four planar, hex- 
agonal faces of the figure. Their mutual bonds form an 
internal tetrahedron shown by the dashed lines. Atoms 
B6 and B8 which form part of the truncated tetrahe- 
dron are not shown. Atom B6 lies beneath B16 and 
atom B8 lies beneath B19, both on the underside of the 
truncated tetrahedron. 

and 

2P(17d) = P(18). 

This means that we have assumed B17d al- 
ways occurs as a pair with B 18 and that any 
boron atoms lost from B 13 positions always 
end up as B17d-B18 pairs or B19 singles. 
The number of theoretically possible B17d 
positions corresponding to only one B13 
vacancy is much greater than the number 
from the above calculation. So the concen- 
tration of B 17d atoms actually found is lim- 
ited not by the available sites, but rather by 
the availability of boron atoms displaced 
from B13 positions. 

Computation for B16, B19, and B20 

As shown in Fig. 2, the four positions 
B16 + B19 + 2B20 form a tetrahedron. This 
tetrahedron has the same center as the A2 
interstitial vacancy. In fact the walls of the 

A2 vacancy are in the form of a truncated 
tetrahedron which has 12 vertices at fully 
occupied boron framework atoms (2Bl + 
2B2 + 2B3 + 2B5 + lB6 + 2B7 + lB8). 
This is shown in Fig. 5. The walls consist of 
4 nearly perfect, planar hexagons and four 
nearly equilateral triangles. The B16, B19, 
and B20 sites are located very close to the 
centers of the hexagonal faces. 

The following suggestion is offered as a 
tentative model for the occupancies of 
these three sites. Since there are more filled 
B16 sites per unit cell than either B19 or 
B20, we postulate that B19 or B20 sites are 
only occupied when they are adjacent to an 
occupied B16 sites. This explains why, in 
impurity-doped samples, no occupation of 
B 19 or B20 is seen when the B16 occupancy 
decreases. Furthermore, we postulate that 
occupied B19-B20 boron sites occur only 
in pairs. This is based on the observation 
that: 

P(B19) = 2P(B20) (7) 

and that there are twice as many B20 sites 
(36i) per unit cell as there are B19 sites 
(18h). With this model we expect that of the 
18 tetrahedra around the A2 centers in a 
hexagonal unit cell we will find 13 empty, 4 
with only B16 atoms, and 1 with a triplet of 
lB16 + lB19 + lB20. 

V. Crystal Density 

Measurements 

The flotation density and X-ray lattice 
parameters of a number of different boron 
crystals were measured in order to obtain 
values for the number of boron atoms in a 
unit cell. The results are given in Table VII. 
We have measured natural boron which is a 
mixture of Bra and B’r isotopes as well as 
enriched B’O and enriched B1r samples. The 
relative isotopic abundances of B*O and B*’ 
in all of the samples was measured with the 
use of a mass spectrometer (at Isotopic 
Analysis, Tulsa, OK). This precaution was 
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TABLE VII 

DENSITIES AND HEXAGONAL CELL PARAMETERS FOR VARIOUS P-RHOMBOHEDRAL BORON SAMPLES 

V 
(‘Q 

Sample No. and B’O 
cooling rate atom% 

M 

w 

2464.9(10) 
2463X(9) 
2463.9(9) 
2461.2(9) 
2465.3(20) 

? 

? 

? 

9 

MG77, F 
MG57, F 
MG79, F 
MG179, S 
Eagle Picher 
Hoard et al. (2) 
Holcombe ef rrl. (II) 
King ef ai. (12) 
Slack et al. (7) 

98.45(5) 
20.07(5) 

1.49(5) 
20.07(5) 
20.07(5) 

20.10(5) 

10.0283(5) 
10.8093(5) 
10.9945(5) 
10.8093(5) 
10.8093(5) 
10.809 
10.809 
10.809 
10.8090(5) 

Density 
(g/cm? 

2.157(2) 10.932(l) 23.818(3) 319.4(4) 
2.337(2) 10.930(l) 23.815(3) 320.8(4) 
2.373(2) 10.930(l) 23.815(3) 320.3(4) 
2.332(2) 10.925(l) 23X10(3) 319.7(4) 
2.333(2) 10.932(2) 23.819(5) 320.4(5) 
2.35 
2.326 
2.345(5) 
2.329(5) 

needed because different boron sources can 
have different isotopic abundance ratios. 

The samples MG57, MG77, MG79, and 
MG179 were grown from the melt in CVD 
boron nitride crucibles. Their nitrogen con- 
tent after growth was measured as 250 ppm 
by weight (193 atomic ppm). The possible 
effect of this amount of nitrogen on the 
measured density is not detectable by our 
X-ray or pycnometric methods whether it is 
substitutional or interstitial. 

For samples MG.57, 77, 179, and EP the 
lattice constants were measured on pow- 
dered samples using a Guinier X-ray cam- 
era with CuKq radiation and a silicon-pow- 
der standard. We note that the lattice 
constants of the Bl” and B” samples are 
almost identical, but their densities are dis- 
tinctly different. For all of the present sam- 
ples in Table VII, the flotation density com- 
bined with cl0 and co values from the X-ray 
work give 

Na(D) = 320.1(4) 

as the average number of boron atoms per 
hexagonal unit cell. The single-crystal X- 
ray studies on samples EP and MG179 with 
the Nicolet diffractometer gives an average 
X-ray value for &(X) of: 

IV*(X) = 320.1(5). 

This is in excellent agreement with iVa(D) 
and indicates that there are no undiscov- 
ered, partially occupied boron sites in the 
lattice with P 2 1%. 

The present density measurements are 
compared in Table VII with previous val- 
ues from the literature (2, 6-8). 

Vacant Sites 

A description of the vacant positions 
such as A,, AZ, A3, E, and D in the p-boron 
structure has been given by Andersson and 
Lundstrom (9) and by Sullenger (10). We 
have recalculated the ideal positions for the 
A,, AZ, and A3 interstitial sites. These three 
sites all have walls which are truncated tet- 
rahedra with four nearly perfect planar hex- 
agonal faces. These face-center positions 
have also been calculated; the results are in 
Table VIII. The ideal positions (x, y, z) of 
the centers have been calculated from: 

nx = 2 xi, 
i=l 

nY=gYi, nZ=$Zi (8) 
i=l 

where the xi, yi, zi are the coordinates of 
the 6 or 12 framework boron atoms sur- 
rounding the sites. Thus, n = 6 or 12. We 
have found (11) that impurities can enter 
the A, or A2 sites (9), but that only three of 
the possible seven facial sites, Ji, are par- 
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TABLE VIII 

IDEAL COORDINATES OF THE CENTERS OF THE A,, AZ, A, SITES AND OF THEIR HEXAGONAL FACES 

Site Occupied by Position x Y Z Framework boron neighbors 

Al 
A2 

.43 

JI 
52 
J3 

J, 
JS 
56 

J7 

Dopant atoms 
Dopant atoms 

0 
0 

B16 
B19 
B20 
0 
0 
0 

6c 0 0 1309 6Bl + 3B5 + 3B7 
18h 1080 2.x 972 1+1+2+2+3+3+5+5+6+7+7+8 
36i 2801 2378 431 2+3+4+4+5+6+6+7+8+8+9+10 
6c 0 0 1767 1+1+1+1+1+1 

18h 564 2.x 1157 1+1+5+5+7+7 
18h 1458 2x 1308 1+1+2+2+3+3 
36i 1990 2299 712 2+3+5+6+7+8 
18f 2588 2588 0 4+4+6+6+8+8 
18h 2857 1429 435 5+6+7+8+9+10 
36i 3770 3198 579 2+3+4+4+9+10 

tially populated by boron atoms. It may be 
possible that boron atoms can partially oc- 
cupy the vacant facial sites, Jt, Jg, Jg, or J7. 
under some conditions. In our three sam- 
ples these occupancies must be very low 
because of the good agreement between 
Ns(D) and Ns(X). 

Internal Densities 

The structure of P-boron has been previ- 
ously described by Hoard et al. (2) as com- 
posed of BU, B 10, and Bt units, with the Bg4 
unit containing 1 icosahedron and 12 half- 
icosahedra for a total of 84 boron atoms. 
This is described in Fig. 2 of Hoard et al. 
(2). The center of this Bs4 unit is the center 
of the 6B5 + 6B6 icosahedron and has x, y, 
z coordinates of 0, 0, 0. A hypothetical 
sphere of radius 5.241 A will just enclose all 
84 boron atoms. Within such a sphere are 
all of the sites Ai or Ji listed in Table VIII as 
well as the B18 sites. Thus such a sphere 
contains 86.88 boron atoms. A hexagonal 
unit cell contains three such spheres. There 
is a small overlap between these spheres. If 
we correct the Bs4 volume for this very 
small overlap effect (-0.46%), the local 
density within the spherical Bs4 regions is 
2.598 g/cm3. Such regions make up 73% of 
the volume of the unit cell. The rest of the 
unit cell volume occupied by atoms Bll, 

B12, B13, B14, B15, and B17 has a local 
density of 1.611 g/cm3. 

The packing density, 4, is defined (12) as 
the fraction of the total volume actually oc- 
cupied by boron atoms, which are assumed 
to be spheres. If we use an average spheri- 
cal radius of 0.88 A for boron, then the Ba 
regions have 4 = 0.413. The remainder has 
C$ = 0.267. It can be seen (12) that a 4 of 
0.413 is rather common for a coordination 
number, v, of q = 6. However, a $I of 0.267 
is very low and has not been found (12) in 
any common structure with r] = 6. The 
weighted average coordination number of 
the Bll to B17 collection is n = 5.87. 

In Fig. 2, the partially occupied sites are 
shown to be concentrated near the AZ va- 
cancy position. Now we can see that the 
partially occupied sites are contributing to 
increasing the packing density, (b, of the Bg4 
units, somewhat at the expense of the rest 
of the unit cell. The extra boron atoms in 
these partially occupied sites of Bs4 actually 
increase the local density by 3.4%. Without 
them the local density would have been 
2.512 g/cm3. 

VI. Excess Electron Density 

The structure refinement has been car- 
ried out for sample MG57 using 19 boron 
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TABLE IX 

EXCESS ELECTRON DENSITY NEAR THE CENTERS OP 
THE INTERCLUSTER BONDS 

Bond Position 
center at center 

Peak electron 
density (e/W’) 

MG57 EP MG179 

Bl-Bl 
B2-B3 
B4-B4 
BS-B7 
B6-BS 
B9-B10 
Bl3-Bl5 

18h 0.28 0.36 0.38 
36i 0.38 0.46 0.35 
18f 0.37 0.39 0.43 
18h 0.32 0.42 0.42 
18h 0.38 0.49 0.49 
18h 0.36 0.37 0.36 
18h 0.27 0.29 CO.26 

positions and for samples EP and MG179 
using 20 boron positions. After the struc- 
ture has been thus refined assuming spheri- 
cal boron atoms a difference electron den- 
sity map was computed. This map shows 
that there is excess electron density accu- 
mulated near the centers of the intercluster 
bonds. The identification of these clusters 
of Biz and B2s groups and the intercluster 
bonds is given by Slack et al. (II). The 
magnitude of this excess gives peaks in the 
electron density of 0.3 to 0.5 e/A3 for all of 
the intercluster bonds. The results are 
listed in Table IX. Note that all three sam- 
ples have very similar residuals. 

If all of this residual electron density 
were incorrectly attributed to boron atoms 
actually being located at the centers of 
these bonds with a small partial occupancy 
of 2 to 3% of a boron atom, then the total 
excess electron density would amount to at 

least four extra boron atoms per hexagonal 
unit cell. The agreement between Na(X) 
and Na(D) is too good, i.e., 20.2 (Eagle 
Picher Laboratories) boron atoms/cell, for 
four atoms per cell to be unaccounted for. 
The electron density peaks near the inter- 
cluster bond centers are just electron accu- 
mulation, not boron atoms. A similar elec- 
tron concentration at intericosahedral 
bonds has also been found in a-boron crys- 
tals by Will et al. (13) using a more sophisti- 
cated analysis. 

VII. Previous Studies of Partial 
Occupancies 

As mentioned previously, the sites B17, 
B18, B19, and B20 have not previously 
been reported as being occupied by boron 
atoms. However these positions were re- 
ported as being partially occupied either by 
Ge or by Ni atoms in studies by Lundstrom 
et al. (14, 15). Thus we make the identifica- 
tion in Table X of Ni(4) and Ge(7) with 
B17d and Ni(3) and Ge(5) with B18. We 
have converted the reported percentage oc- 
cupancies to the equivalent number of bo- 
ron atoms by multiplying by the ratios of 
the atomic number of Ni (or Ge) to that of 
boron. We see that both the atom positions 
and occupancies are compatible with the 
reidentification as boron atoms. This 
reidentification makes some of the metal- 
boron bond lengths originally given for 
these Ni and Ge sites much more compati- 
ble with normal boron-boron distances. 

TABLE X 

OCCUPIED B17 OR Bl8 POSITIONS REPORTED IN THE LITERATURE 

Ref. Notation x Y z Position p (%I 

(14 
W) 

This work 

WI 
(15) 

This work 

Gd7) 
Ni(4) 
Bl7d 

GeG) 
Ni(3) 
B18 

480(20) 
617(6) 
495(61) 

1423(9) 
1497(6) 
1450( 10) 

1650(10) 4745(6) 36i 2.7 
1744(6) 4753(2) 36i 3.2 
1660(71) 4750(10) 36i 3.2 

2x 5220(7) 18h 6.6 
2.x 5223(2) 18h 10.0 
2x 5240(S) 18h 6.6 
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Furthermore, we have actually found boron 
atoms in the B17, B17d, or B18 sites in a 
number of other samples doped with vari- 
ous transition elements (11). 

VIII. Conclusions 

We have found four new boron atom po- 
sitions in the unit cell of P-boron. The num- 
ber of atoms in the unit cell is now fixed at 
320, both from flotation density and X-ray 
studies. If the atomic mass is 10.809 g/mole 
then the crystal density is 2.333 g/cm3 for 
crystals cooled slowly from the melt. There 
are density variations within the large unit 
cell, and the higher density regions have 
enhanced density caused, in part, by boron 
atoms in partially occupied interstitial posi- 
tions. 
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